Abstract-There exists a critical need to develop strategies that promote blood vessel formation (neovascularization) in virtually all tissue engineering and regenerative medicine efforts. While research typically focuses on understanding and exploiting the role of angiogenic factors and vascular cells on new blood vessel formation, the activity of the immune system is being increasingly recognized to impact vascular formation and adaptation. This review will provide both an overview of the intersection of angiogenesis and the immune system, and how biomaterials may be designed to promote favorable interactions between these two systems to promote effective vascularization.
INTRODUCTION
Vascularization in regenerative medicine and tissue engineering is critical to the survival of host and implanted cells, as nearly all tissues are metabolically dependent on nutrients and oxygen delivered by vasculature. Strategies for inducing vascularization are becoming increasingly reliant on biomaterials, both as scaffolds for cell growth and as delivery-devices for cells and soluble cues. These strategies include engineered vascular grafts, 64 pre-vascularized scaffolds, 46 and materials for delivery of pro-angiogenic factors 74 and endothelial progenitor cells. 79 Most of these strategies, however, have only focused on utilizing vascular cells and pro-angiogenic factors.
Inherent to all implanted biomaterials is the fact that they elicit a foreign body reaction mounted by cells of the immune system. While biomaterials research has traditionally focused on dampening the immune response to prevent host-rejection, it is becoming recognized that the immune response can be manipulated and enhanced to help promote regeneration, particularly vascularization. 25 This is due to the fact that immune cells are now known to play a role in driving neovasculzarization, as first studied in wound healing 20 and tumor angiogenesis. 95 This review will cover the design principles for biomaterials to drive inflammatory vascularization by providing an overview of (1) biomaterials used in tissue engineering and how they interact with the immune system, (2) the role that immune cells play in promoting angiogenesis and vascular remodeling, and (3) how immunomodulatory materials have been rationally designed to drive specific immune responses.
BIOMATERIALS AND THEIR INTERACTIONS WITH THE IMMUNE SYSTEM
Biomaterials are widely used in the field of tissue engineering and regenerative medicine as scaffolds and as delivery-devices for cells and growth factors. As scaffolds, these materials act as synthetic matrices by providing structural support and architecture, as well as cues for guiding cell behavior and function. As drug delivery-materials, they enhance the efficacy of soluble cues by providing protection from degradation, sustained release, localized presentation at the injury site, and multiple factor delivery in sequence. 43 As cell delivery-materials, they can enhance the viability of transplanted cells, provide cues to enhance cell function, and mechanically stabilize their environment. 43 These biomaterials can be broadly categorized into synthetic and naturally derived materials. 23 Synthetic materials include hydrophobic polymers, such as polyglycolic acid (PGA), poly(L-lactide) (PLL), and poly(lactide-co-glycolide) (PLG), as well as hydrophilic polymers that form hydrogels, such as poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), and poly (acrylic acid) (PAA). Naturally derived materials include extracellular matrix (ECM) derived polymers, such as collagen, fibronectin, and hyaluronic acid, as well as polymers that are not derived from mammalian sources, such as alginate, chitosan, and agar.
Chemical Composition and Modifications
The chemical composition and modifications of a biomaterial are critical to how it interacts with surrounding cells and proteins. Polymers derived from ECM proteins can naturally engage with cells via integrins and are susceptible to cell-triggered proteolysis, whereas other materials can only indirectly interact with cells via adsorbed proteins (Fig. 1a) . These materials, however, can be modified in several ways to mimic ECM-derived materials and to enhance their ability to interact with cells (Fig. 1b) . Specific adhesion molecules can be included into these materials, either by surface modification or covalent attachment to the polymer backbone, to mediate specific integrin-engagement. 76 Inclusion of protease cleavable bonds or cross-links into the material can also be used to enhance cell-mediated remodeling of the material. 51 In addition, covalent tethering or incorporation of growth factors or other receptor ligands into the material can enhance a material's ability to drive specific cell behavior and function. 54 One example of a material that includes all three of these modifications is a synthetic PEG hydrogel formulated for bone regeneration. 52 This material includes integrin-binding RGD ligands for cell adhesion, matrix metalloproteinase (MMP) cleavable linkers, and encapsulated human bone morphogenic protein-2 (BMP-2) to allow for cell infiltration and remodeling of the material into bony tissue. Rational design of these modifications into synthetic materials can allow for specific cell interactions and responses.
Physical Properties
A biomaterial's physical properties, which include its mechanical characteristics, degradation behavior, porosity, and topography, also regulate how the material interacts with the host environment. A material's mechanical characteristics, which include its elasticity and viscoelastic behavior, can influence cell fate and function via mechanotransduction, the process by which mechanical signals from a cell's microenvironment are translated into chemical signals (Fig. 1c) . 21, 37 At the macroscopic level, the material's mechanical properties will impact its ability to maintain a space and guide tissue formation, and to bear loads and resist forces that may disrupt interactions of cells and proteins with the material. 48, 98 The degradation behavior of the material, which include the rate and mechanism of degradation (e.g., bulk vs. surface erosion), can dictate the rate of tissue formation and cell influx into the material, 2 as well as the release of material and factors into the surrounding environment (Fig. 1d) . Material porosity also dictates the influx of cells (in particular invasion of vascular cells forming blood vessels 22 ), as well as diffusion of soluble cues into the material, material degradation, and bulk substrate properties (Fig. 1d) . Lastly, the surface topography of the material can influence the interaction of the cells with the biomaterial and can guide cell behavior, including cell adhesion, alignment, migration, and polarization (Fig. 1e) . 63 
Foreign Body Response
The preceding properties ultimately determine the extent of the foreign body response to a biomaterial, which follows a well known cascade of events (Fig. 2) . First, proteins from the surrounding tissue and blood adsorb to the surface of the biomaterial within seconds of implantation, activating the coagulation cascade, complement system, platelets, and immune cells (Fig. 2a) . The adsorbing proteins include (1) coagulation proteins such as Factor XII and fibrinogen, (2) complement proteins such as C3 and C1q, which binds via adsorbed IgG, (these proteins help activate the alternative and classical complement pathways, respectively) and (3) adhesion molecules such as fibronectin and vitronectin (Fig. 2a) . 25 Cells of the acute inflammatory phase, namely polymorphonuclear leukocytes (PMNs), are then recruited to the material, in part by histamine release by mast cells and fibrinogen absorption. 89, 97 The PMNs then release degranulation products, such as proteolytic enzymes and ROS, and secrete chemoattractants and activation factors for immune cells, such as monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1b (MIP-1b), and interleukin-8 (IL-8) (Fig. 2b) . 25 Cells of chronic inflammation, mainly macrophages derived from circulating monocytes, are then recruited to the material and similarly secrete inflammatory cytokines, including tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and MCP-1, to induce further immune cell recruitment, 40 and display highly phagocytic behavior. Depending on the material, these macrophages will either predominantly express one of two polarization states, the M1 or M2 phenotype (Fig. 2c) . 55, 60 M1 macrophages, polarized by interferon-c (IFN-c) and TNF-a, secrete pro-inflammatory cytokines, as well as nitrogen and oxygen radicals for microbicidal activity, and are typically associated with chronic inflammation. M2 macrophages, which are polarized by interleukin-4 (IL-4), interleukin-13 (IL-13), and interleukin-10 (IL-10), secrete growth factors and regulatory cytokines and are associated with wound healing and anti-inflammatory activity. Growth factors released by macrophages are critical to the formation of granulation tissue, which is composed of recruited fibroblasts and newly formed blood vessels (Fig. 2d) . 3 Prolonged fibroblast activation by macrophage-secreted growth factors and excessive collagen deposition by fibroblasts can result in fibrosis. 25 At the surface of the biomaterial, these macrophages may also form foreign body giant cells (FBGCs) in the presence of appropriate fusion stimuli, including IL-4 and IL-13, and appropriate adherent proteins on the material surface (Fig. 2e) . 3 These cells will mediate a highly degradative environment, consisting of secreted reactive oxygen radicals, proteases, and acids. 3 In addition to the actions of macrophages and FBGCs, dendritic cells that are activated by pattern recognition receptor (PRR) engagement with the material will activate cytotoxic T-cells and promote helper T cell responses (Th1, Th2, Th17, or T reg ) based on their microenvironment (Fig. 2f ).
IMMUNE CELLS PROMOTE VASCULAR FORMATION
Immune cells play a critical role in regulating wound healing, particularly in controlling neovascularization. Emerging research has begun to uncover how specifically these cells promote angiogenesis 80 and vascular remodeling 47 in animal models of wound healing, cancer, and ischemic injury. The ability of these cells to contribute to vascular formation may be a function of their cellular microenvironment, as the pro-angiogenic activity of these cells has been shown to be strongly influenced by the inflammatory microenvironment of tumors. 18 The immune cells that have been implicated in vascular formation include macrophages, dendritic cells, neutrophils, mast cells, eosinophils, T-cells, and natural killer cells. As discussed in detail below, these cells play differential roles in the early stages of angiogenesis ( Fig. 3a) and vessel maturation and remodeling (Fig. 3b) .
Macrophages
Of the immune cells that are known to enhance vascular formation, macrophages have been most traditionally associated with promoting wound healing and vessel growth. These cells secrete a variety of factors known to impact neovascularization, including vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF-b), basic fibroblast growth factor (bFGF), insulin-like growth factor-1 (IGF-1), IL-8, and TNF-a. 86 In terms of their known contributions to vessel growth, macrophages induce angiogenesis in wounds 38 and tumors, 50 stimulate arteriogenesis in response to ischemia, 47 and help promote vascular anastamosis. 24 Both resident macrophages and macrophages derived from circulating monocytes may be critical to these processes, as both appear to induce arteriogenesis in murine ischemia models. 31, 44 In these ischemia models, MCP-1 is critical for recruitment of these cells to promote both the early stages of angiogenesis and arteriogenesis. 32, 94 In terms of their polarization state, M1 macrophages have more traditionally been associated with antiwound healing responses, whereas M2 macrophages have been more associated with driving angiogenesis and vessel growth. The recognition that tumor-associated macrophages that drive tumor angiogenesis express an M2-like phenotype, 56 and the association of M2 macrophage with arteriogenesis 88 led to this impression. However, recent research suggests that both M1 and M2 macrophages, which can be further categorized into M2a/b/c subtypes, are critical for different steps of neovascularization.
82 M1 macrophages produce pro-angiogenic molecules, including VEGF, bFGF, IL-8, and RANTES, which are important in early stages of angiogenesis. M2a macrophages, which are associated with Th2 responses and are induced by IL-4 and IL-13, produce platelet derived growth factor-BB (PDGF-BB) for pericyte recruitment and tissue inhibitor of matrix metalloprotease-3 (TIMP3), which inhibits the activity of matrix metallopeptidase-9 (MMP-9) and VEGF (Fig. 3b) ; this suggests that M2a macrophages play a role in vessel maturation and balance the pro-angiogenic effects of M1 macrophages. M2c macrophages, associated with immunotolerance and induced by interleukin-10 (IL-10), secrete MMP-9, which is a potent stimulator of angiogenesis and is believed to be important for vascular remodeling; this suggests that M2c macrophages may play a role in both stimulating the early stages of vessel growth, as well as later maturation stages.
Dendritic Cells
Dendritic cells, which share a common myeloid progenitor with macrophages, are known to be regulators of tumor angiogenesis, but have not yet been associated with vascularization in wounds. Tumor associated plasmacytoid dendritic cells (PDCs) in human ovarian cancers promote angiogenesis in vivo in humans via production of TNF-a and IL-8. 19 Dendritic cell precursors also contribute to tumor vascularization in vivo in murine tumor models by undergoing endothelial-like differentiation in the presence of VEGF-A and integrating into tumor vasculature to promote vasculogenesis. 16 In in vitro studies, human dendritic cells express varying pro-angiogenic activity based on their activation state. 73, 81 Alternatively activated myeloid dendritic cells, polarized with calcitrol, prostanglandin E2 (PGE 2 ), or IL-10, are potent sources of VEGF compared to immature and classically activated dendritic cells. 73 
Granulocytes
Granulocytes, namely neutrophils, mast cells, and eosinophils, are also believed to regulate vessel formation, and appear to mainly contribute to the early stages of angiogenesis. In murine models of ischemia, neutrophils are critical to VEGF-induced angiogenesis, 29 and are potent sources of VEGF in ischemic tissue when activated with granulocyte colony stimulating factor (G-CSF). 67 In addition, they secrete MMP-9 to drive tumor angiogenesis. 66 Both mast cells and eosinophils are also potent sources of pro-angiogenic molecules, including TNF-a, IL-8, bFGF, and granulocyte-macrophage colony stimulating factor (GM-CSF). 65, 71 Secretion of tryptase by human mast cells also promotes vascular tube formation in vitro, in part by promoting endothelial cell proliferation 9 ; tryptase may also play a role in degrading extracellular matrix by activating metalloproteinases and plasminogen activator. 28, 85 In vivo, the pro-angiogenic function of mast cell secreted tryptase has not been shown directly, but it has been correlated by observing that tryptase expressing mast cells localize with newly formed vessels in tumors. 7, 72 Mast cells contribute to recovery in murine models of ischemia by production of VEGF under ionizing irradiation treatments. 33 Soluble factors derived from human peripheral eosinophils induce endothelial cell proliferation and angiogenesis, mainly through VEGF, in a variety of in vitro assays. 71 
Lymphocytes
Lymphocytes, including T-cells and natural killer cells, also regulate vascular recovery in ischemic injury. Peripheral human T-cells are potent sources of VEGF 26 and deficiency of T-cells in murine models of ischemia significantly impairs vessel regeneration and worsens limb necrosis. 17 However, the two main T-cell subtypes, CD4+ helper T-cells and CD8+ cytotoxic T-cells, have varying pro-angiogenic ability and appear to play different roles in regulating vascular recovery in ischemia. CD4+ T-cells produce pro-angiogenic heparin binding epidermal like growth factor (HB-EGF) and bFGF, whereas CD8+ T-cells only produce bFGF. 10 In murine models of ischemia, CD8+ T-cells recruit CD4+ T-cells by secretion of IL-16 84 and CD4+ T-cells help promote collateral artery development and arteriogenesis. 83, 93 Of the CD4+ T-cell subsets, Th1 may be more pro-angiogenic, since VEGF enhances Th1 phenotype in T-cells. 59 In addition to directly promoting vessel growth, T-cells also promote the pro-angiogenic activity of monocytes via both cellcell contact and cell secretions. 34, 92 Also, knock-down of natural killer cells impairs arteriogenesis and recovery in ischemia models, 93 although it is unknown which factors mediate these effects.
RATIONAL DESIGN OF IMMUNOMODULATORY MATERIALS
Bioengineers have combined their knowledge of biomaterials and immune cell function and behavior to rationally design materials that can modulate immune cells. While biomaterial research has traditionally focused on reducing inflammation, bioengineers have recently begun to take advantage of the ability of immune cells to combat infectious diseases for the development of material based immunotherapies. 49 Immunomodulatory materials for wound regeneration, in particular vascularization, are beginning to be explored due to our increasing knowledge of immune cell contributions to wound healing. 25, 58 However, these materials have thus far been limited to the manipulation of macrophages, 58 due to our limited knowledge of the contribution of other immune cell types to wound healing. In designing immunomodulatory materials, bioengineers have been able to manipulate immune cell trafficking and function by controlling a material's (1) ability to target intracellular compartments, (2) chemical composition, (3) physical properties, and (4) modifications with soluble and adhesion factors (Fig. 4) . This review will not address the function of particle based materials for targeting immune related tissues and organs such as lymph nodes and mucosal tissues, as that is covered elsewhere. 49 
Targeting Intracellular Compartments
Materials in the form of micelles and nanoparticles can modulate immune cell function by targeting intracellular compartments; this has been explored to enhance immune cell response to antigens and danger signals, as well as to control antigen presentation by immune cells. Certain PRRs in antigen presenting cells (APCs), such as toll-like receptor 7 (TLR7) for singlestranded RNA and toll-like receptor 9 (TLR9) for bacterial CpG DNA, are only present within the and TGF-b, in cardiac macrophages after myocardial infarction compared to PS-lacking liposomes (PC) and saline treatment (saline). Treatment with PS also increased vessel formation in ischemic heart over PC and saline. 30 (b) Unmodified collagen gels only showed recruitment of M2 macrophages, whereas gluteraldehyde cross-linked gels showed both M1 and M2 macrophage recruitment. Recruitment of both macrophage phenotypes correlated with enhanced vessel growth in the gluteraldehyde crosslinked gels. Reprinted from Spiller et al. 82 Copyright 2014, with permission from Elsevier. (c) Myocardial implantation of acellular scaffolds showed greater shift in M2 polarization with pore size of 40 lm, as exemplified by the M1 marker nitric oxide synthase 2 (NOS2) and the M2 marker MF mannose receptor (MMR). This correlated with enhanced neovascularization. 53 (d) Presentation of FTY720 from PLAGA films led to increased numbers of M2 macrophages compared to PLAGA films alone, as represented by staining with the M2 marker, CD206. This correlated with increased arteriogenesis as determined by arterial diameter.
endolysosome and thus must be intracellularly targeted. Nanoparticles for delivering antigens to intracellular compartments in APCs have been effective for immunotherapy, particularly with triggered antigen release in the environment of phagosomes. In one example, antigen peptides were conjugated to poly(propylene sulfide) nanoparticles via a reducible disulfide bond; these peptides were rapidly released from the particle in the reductive environment of the phagasome in dendritic cells, inducing enhanced antigen cross-presentation and T-cell activation compared to presentation via soluble antigen. 36 To enhance wound regeneration, nanoparticle uptake by macrophages has been used to induce anti-inflammatory responses and help promote angiogenesis. Cardiac macrophages in an acute rat model of myocardial infarction were shown to engulf liposomes that present the anti-inflammatory, apoptotic signal phosphatidylserine (PS). Macrophages that engulfed these particles showed enhanced secretion of anti-inflammatory TGFb (a potent inducer of regulatory T-cells 14 ) and IL-10, and this was linked with the ability of these nanoparticles to enhance angiogenesis and ventricular remodeling in cardiac tissue (Fig. 4a) . 30 A similar study was also done in a rat model of myocardial infarction, where liposomes with encapsulated phenytoin (PHT), a non-selective voltage gated sodium channel inhibitor, suppressed expansion of CD43+ pro-inflammatory monocytes, which correlated with attenuated ischemia injury and improved ventricular remodeling. 99 
Chemical Composition
The choice of the base material is critical in designing an immunomodulatory material, as the material's chemistry alone can be important in determining the immune response. Hydrogels that are not derived from ECM, such as alginate, often induce a low inflammatory response since cellular receptors cannot directly bind and proteins do not readily adsorb to these gels. Materials derived from ECM, such as collagen, can be pro-inflammatory as cells can directly engage via integrins. Synthetic, hydrophobic materials such as PLG, can also be inflammatory because cells can bind to them indirectly via adsorbed proteins. Bioengineers have manipulated these inherent inflammatory properties in the design of materials for immunotherapy, as well as inflammation-driven vascularization. For immunotherapy, PLG was used to help program dendritic cells for cancer immunotherapy, 1 as the material enhances maturation and cytokine production of murine dendritic cells. 96 For vascularization, PLG scaffolds have been shown to induce greater vessel formation than collagen-chitosan-hydroxyapatite hydrogels, likely due to different immune responses. PLG scaffolds were shown to induce moderate inflammation, with greater macrophage recruitment than PMN recruitment. The hydrogel, however, had a less controlled inflammatory response that ultimately led to the apoptosis of surrounding immune cells. 77 The cross-linking chemistry can also change immune responses to a biomaterial. Calcium used to cross-link alginate can influence the phenotype of encapsulated dendritic cells, in particular the upregulation of expression of IL-1b compared to alginate gels cross-linked with barium; this effect is observed with free, soluble calcium as well. 12 Gluteraldehyde cross-linked collagen gels have been shown to induce a greater amount of vascularization than unmodified collagen, likely due to differential macrophage recruitment (Fig. 4b) ; gluteraldehyde crosslinked collagen gels showed greater macrophage infiltration compared to unmodified collagen gels. Also, cells in gluteraldehyde cross-linked collagen gels showed both M1 and M2 macrophage markers, whereas cells in unmodified gels only expressed M2 markers. 82 The surface properties of a material have also been shown to be critical to immune cell activity, as they can regulate macrophage and FBGC adherence and cytokine production, 40 as well as complement activation. 90 Hydrophobicity, as well, has been proposed as a universal danger signal-associated molecular pattern (DAMP), as exposed hydrophobic regions in aqueous solutions tend to form toxic and non-productive aggregates; many immunostimulators are hydrophobic or contain hydrophobic regions. 78 Furthermore, cytokine gene expression by splenocytes increases with the hydrophobicity of head groups presented on the surface of gold nanoparticles. 62 
Physical Properties
The physical structure and properties of a material can also be engineered to illicit specific immune responses. Topographical cues, in the form of different sized gratings, can influence macrophage adhesion, morphology, and secretion of factors such as TNF-a and VEGF. 15 In addition, topographical cues have shown the potential to influence the polarization of human and mouse macrophages in vitro, 6, 11 and this correlated with altered tissue formation and foreign body response in vivo. 11, 13 These cues can also control cell shape, which has also been shown to alter macrophage polarization; macrophages with elongated shapes showed more M2 polarization, and this was dependent on actin and actin/myosin contractility. 57 The pore structure in conjunction with mechanical properties of macroporous PLGA scaffolds has been shown to alter enrichment of DCs for immunotherapy. 45 For cardiac tissue engineering, collagen-modified poly(2-hydroyethylmethacrylate-co-methacrylic acid) (pHEMA-co-MAA) hydrogels with pore sizes of 30-40 lm showed enhanced angiogenesis and reduced fibrosis compared to other pore sizes, and this correlated with increased expression of M2 markers in scaffold-associated macrophages (Fig. 4c) . 53 Other studies using pHEMA hydrogels that support neovascularization, 8 however, revealed that enhanced vascularization in different pore size gels correlated instead with increased M1 macrophage polarization inside the porous structures. 87 These seemingly conflicting results may be due to the fact that both M1 and M2 macrophages may be critical to angiogenesis. 82 Mechanical cues delivered by a material can also influence immune cells, as the polarization of human peripheral blood mononuclear cells into the M1 and M2 phenotypes was modulated by the amount of cyclic strain applied to their adhesion substrate. 5 
Modifications with Soluble and Adhesion Cues
Delivery and presentation of soluble and adhesion cues can greatly enhance the specificity and potency of the immune response to a material. Traditional immunomodulatory materials have focused on delivery of anti-inflammatory drugs, such as dexamethasome 69 and nitric oxide from biomaterial-coatings, 35 to reduce inflammation. Conversely, the inflammatory response can be enhanced and modulated by presentation of adhesion factors, such as RGD and PHSRN, which impact macrophage adhesion and FBGC formation. 41, 42 Encapsulation within and functionalization of materials with cytokines, pathogen associated molecular patterns (PAMPs), and antigens have been used to activate immune cells for immunotherapy. Controlled delivery of TGF-b inhibitor and IL-2 from nanoscale liposomal polymeric gels in murine melanoma models was shown to enhance CD8+ T-cell activation, along with increased activity and number of natural killer cells, and resulted in potent anti-tumor immune responses. 68 Scaffold based materials that presented GM-CSF, CpG, and tumor antigen to recruit and reprogram dendritic cells in situ also induced very potent immune responses from CD8+ T-cells for combating melanoma.
1 Similar methods of presenting these cues from materials have shown efficacy in driving immune cell mediated neovascularzation. Release of MCP-1 from vascular grafts was shown to recruit monocytes to remodel the grafts into mature blood vessels. 75 Delivery of FTY720, an agonist for sphingosine 1-phosphate receptor 3, from PLGA thin films increased recruitment of anti-inflammatory monocytes (AMs) from the circulation, in part by upregulating SDF-1 release from endothelial cells and enhancing SDF-1 mediated chemotaxis of AMs; increased recruitment of AMs correlated with enhanced arteriolar diameter expansion and length density in soft tissues (Fig. 4d) . 4 Presentation and delivery of TLR agonists may also help induce inflammatory angiogenesis, as these can regulate the angiogenic activity of immune cells. 70 
SUMMARY AND FUTURE DIRECTIONS
In summary, a material's chemical and physical properties, composition, and modifications with soluble and adhesive cues play a critical role in defining its foreign body response. These properties can be rationally designed and modulated to drive vascular formation by altering the recruitment, function, and phenotype of immune cells at the material site. M1/ M2c macrophages, dendritic cells, neutrophils, eosinophils, and mast cells appear to promote new vessel formation via angiogenesis, whereas M2a/c macrophages, CD4+ T-cells, and natural killer cells appear to induce remodeling of existing collaterals or maturation of newly formed vessels.
Moving forward, the design and utilization of immunomodulatory materials to enhance neovascularization for tissue engineering and regenerative medicine will require a better understanding of the specific mechanisms by which immune cells contribute to vessel formation, and how this function is regulated by the cells' chemical and physical microenvironment. Most work to date provides correlative data, but demonstration of cause and effect is often lacking. The combined effects of soluble cues (cytokines, growth factors, and chemokines), adhesion cues, topographical cues, and physical signals, such as substrate rigidity and viscoelasticity, presented from a biomaterial will also need to be explored. Our current understanding of this topic is largely limited to the roles of macrophages and the M1/M2 paradigm. The role(s) of other immune cell phenotypes, such as Th1, Th2, Th17, and T reg CD4+ T-cells in vascularization is not as well defined. Our incomplete understanding of immune cell phenotypic and functional plasticity 27 currently limits our ability to explore these relationships.
The interplay of immunology and angiogenesis with biomaterials is still a new topic of research, and critical to this growing area of research is the design of materials that have greater control over immune cell trafficking and their local microenvironment. Materials that can provide improved spatiotemporal presentation of immunomodulatory factors will likely be required. Biomaterials capable of delivering factors on demand, for example, may be particularly useful for exploring how the specific timing of cytokine availability impacts the transition from a pro-inflammatory environment to an anti-inflammatory, pro-wound healing environment. 43 These systems could allow one to explore how each stage of angiogenesis is impacted by different immune cell phenotypes. 82 One concern with current immunomodulatory materials is unwanted or off-target inflammatory responses. The development of materials of increased complexity that can combine various chemical, mechanical, and structural stimuli may provide greater control over guiding immune cell function. Conversely, materials that are ''invisible'' to the immune system by avoiding PRR recognition or interactions with surrounding cells can provide a clean slate for selectively targeting immune cell populations with distinct cues.
One potential challenge in utilizing materials to promote angiogenesis via manipulation of inflammation is that many injury sites may already be inflamed, and this could impair the ability of the material to modulate immune cell function. Several types of tissue injuries that require revascularization, such as ischemic, bone, and muscle injury, have inflammatory responses characterized by specific immune cell recruitment and cytokine profiles. 39, 61, 91 In addition, microbial infections associated with these injuries, and surgical procedures also can regulate cytokine production and immune cell recruitment and phenotype by the presentation of PAMPs. These signals may induce an inflammatory profile that is deleterious or conflicting with the desired response to the immunomodulatory material. It may be necessary to first alter the pre-existing inflammatory response. Alternatively, one may need to time the delivery of these materials after an acute inflammatory response resulting from an injury or infection has subsided. It may be necessary to customize the design of these materials for specific types of injuries.
A long-term objective of the field is to promote vascularization solely with an appropriately designed material, without including exogenous cytokines or growth factors. This potentially could be accomplished by choosing or designing the material to act as a distinct PRR, or combination of PRRs, in order to invoke a particular and desirable immune response.
